Objective: To explore the independent associations of body height, body mass index (BMI), waist circumference and hip circumference with high-density lipoprotein-cholesterol (HDL-cholesterol) and non-high-density lipoprotein-cholesterol (non-HDL-cholesterol), in a large general population sample. Design: Cross sectional. Setting: Urban and rural areas throughout Greece. Subjects: In total,10 837 volunteers, 2034 men and 8803 women, aged 25-82 years, participants in the European Prospective Investigation into Cancer and Nutrition study (EPIC), who have never smoked and never been treated for dyslipidemia. Interventions: None. Results: The effect of height on non-HDL-cholesterol was opposite but in absolute terms almost as important as that of BMI with no gender interaction. Among women, hip circumference was inversely associated with non-HDL-cholesterol (standardized coefficient b st ¼ À1.11, with standard error (s.e.) ¼ 0.42) and positively with HDL-cholesterol (b st ¼ 0.85, s.e. ¼ 0.12) whereas, waist circumference was inversely associated with HDL-cholesterol (b st ¼ À1.16, s.e. ¼ 0.13) and strongly positively with non-HDL-cholesterol (b st ¼ 8.83, s.e. ¼ 0.45). Among men, associations were generally weaker (in absolute terms by about 50%) and for hip circumference the association with non-HDL-cholesterol was actually non significantly positive. Conclusions: Height was inversely associated with HDL and non-HDL-cholesterol implicating early life phenomena in the regulation of these variables. Larger hip circumference among women had beneficial effects on blood cholesterol fractions by increasing HDL-cholesterol and reducing non-HDL-cholesterol, whereas among men the relevant effects were less clear cut. The detrimental consequences of large waist circumference on both HDL (reduction) and non-HDL-cholesterol (increase) were also particularly marked among women.
Introduction
It has long been known that body mass index (BMI) and waist circumference, frequently assessed as waist to hip ratio, are important risk factors for cardiovascular and other chronic diseases (National Task Force on the Prevention and Treatment of Obesity, 2000; Despres et al., 2001; Aronne & Segal, 2002; Pi-Sunyer, 2002; Kanaya et al., 2003) . Hip circumference has also attracted the interest of investigators as a possible independent risk factor for cardiovascular diseases, with evidence accumulating that it is inversely associated with morbidity and mortality from these diseases Williams et al., 1997; Lissner et al., 2001; Seidell et al., 2001; Snijder et al., 2004b; Sakai et al., 2005) . Furthermore, the interest on metabolic syndrome highlighted the role of adipose tissue distribution in human pathology (Carr et al., 2004; Wahrenberg et al., 2005) . Although height has been inversely associated with the incidence of coronary heart disease (Peck and Vagero, 1989; Palmer et al., 1990; Yarnell et al., 1992; Hebert et al., 1993; Kannam et al., 1994; Krahn et al., 1994; Parker et al., 1998; Wamala et al., 1999; Forsen et al., 2000) , few investigations have examined whether this variable is associated with one or more aspects of the metabolic syndrome, over and beyond its presence in the denominator of BMI (Henriksson et al., 2001; Gunnell et al., 2003; La Batide-Alanore et al., 2003; Lawlor et al., 2004) . The study of the risk implications of anthropometric variables, notably height, weight, waist circumference and hip circumference, has been hindered by the fact that these variables are strongly interrelated. This introduces collinearity problems in regression analyses, as well as, interpretation problems, since inferences on associations of anthropometric variables with health outcomes are mutually conditional. A procedure that bypasses the problem is the use of the residuals method (Willett and Stampfer, 1986 ) that generates largely uncorrelated anthropometric variables, the risk implications of which can be directly assessed. Such a procedure has been previously applied by Seidell et al. (2001) who have documented independent and opposite effects on cardiovascular risk factors of waist and hip circumferences in a study of over 600 subjects. We have exploited the availability of total and high density lipoprotein (HDL) blood cholesterol measurements for over 10 000 adult men and women who have never smoked, in order to evaluate the independent associations of HDL and non-HDL-cholesterol with height, BMI, waist circumference and hip circumference.
Subjects and methods
The study sample initially consisted of 11 856 participants, 2166 men and 9690 women, aged 25-82 years, neversmokers, who voluntarily enrolled in the Greek EPIC study during 1994-1999, and for whom total cholesterol and high density lipoprotein cholesterol (HDL-cholesterol) measurements were available (Benetou et al., 2000) . EPIC (European Prospective Investigation into Cancer and nutrition) is a multicountry, prospective, cohort study, coordinated by the International Agency for Research on Cancer (IARC), investigating the role of nutrition and other lifestyle and environmental factors in the etiology of cancer and other chronic diseases (Riboli and Kaaks, 1997; Riboli et al., 2002) . The large preponderance of women reflects, partly the intentional oversampling of women in the Greek EPIC study (since one of the primary objectives was to explore the nutritional etiology of breast cancer) and partly the very high prevalence of smokers among men in Greece.
One hundred and sixteen subjects with unreasonable values for BMI (470 kg/m 2 ) or energy intake (o750 kcal) were excluded. Also, excluded were 896 (7.6%) subjects who have reported to systematically receive, or have received, pharmaceutical treatment for dyslipidemia, in order to avoid any possible interference of the effect of such treatment with possible associations of height, BMI, waist circumference and hip circumference with HDL-cholesterol and non-HDLcholesterol. Another seven study participants were excluded because of missing values. Therefore, the final study sample included 10 837 participants, 2034 (19%) men and 8803 (81%) women, who have never smoked and have never received drug treatment for dyslipidemia. All procedures were in line with the Helsinki declaration for human rights, all volunteers signed informed consent forms, and the study protocol was approved by ethical committees at IARC and at the University of Athens Medical School.
After signing the informed consent form, participants completed an extensive interviewer-administered questionnaire with information on various socio-demographic variables, medical history and lifestyle characteristics. In addition, each EPIC participant underwent a baseline clinical examination during which anthropometric (weight, height, as well as waist and hip circumferences) measurements were performed, blood pressure was measured and a nonfasting blood sample was collected.
Concerning anthropometry, height and weight were measured while subjects were standing without shoes and lightly clothed. Weight was measured to the nearest 100 g with regularly calibrated digital scales and height was measured to the nearest 0.1 cm. Waist and hip measurements were undertaken using an inelastic tape without compressing the skin and were recorded to the nearest 0.1 cm, while participants wore no restrictive underwear. Measurements were taken at the end of the normal respiration with the participant standing erect, with the arms at the side and the feet together. Waist circumference was measured around the smallest circumference between the lowest rib and iliac crest, or, for obese subjects with no natural waist, midway between the lowest rib and iliac crest. Hip circumference was measured horizontally at the level of the greatest lateral extension of the hips. BMI was calculated as the ratio of weight in kg divided by the square of the height in meters. This metric was developed to allow evaluation of degree of obesity independently of height (Billewicz et al., 1962; Khosla and Lowe, 1967) .
One ml of plasma from each participant was used for the laboratory analysis. Total blood cholesterol was determined by the enzymatic method CHOD-PAP and HDL-cholesterol by the phosphotungstic method (Benetou et al., 2000) . Non-HDL cholesterol values were calculated by subtracting HDLcholesterol from total cholesterol values. The collaborating laboratory (BIO-CHECK, Athens) was a member of the National System of External Quality Control for Clinical Laboratories. The intrasample precision coefficient of variation (CV) for the measurement of total and HDL blood cholesterol was in each case less than 3%. Plasma values were converted into serum values with the use of a curve created from the determination of total cholesterol and HDLcholesterol in plasma/serum pairs.
Statistical methods
All statistical analyses were carried out separately for each gender. Descriptive statistical analysis was performed with simple tabulations. In the main analysis, the data were modeled through multiple linear regression with non-HDLcholesterol and HDL cholesterol, alternatively, as the dependent variables. All the analyses were performed with the STATA statistical package (Intercooled Stata 7.0) and a level of 5% was used to denote statistical significance.
The focus of this study was the assessment of independent associations of height, weight, waist circumference and hip circumference with HDL-cholesterol and non-HDL-cholesterol. Introduction of all four variables into the same model accommodated mutual confounding but it is conceptually awkward because, for example, height is specified for a person with given weight, waist and hip circumference. It is easy to bypass this problem by introducing BMI instead of weight (height and BMI are uncorrelated). In order to accomplish the same objective with respect to waist circumference and hip circumference we have used a process that is well known in statistics (the residuals method), has been introduced in nutritional epidemiology by Willett and Stampfer (1986) and has been previously utilized by Seidell et al. (2001) in the evaluation of independent associations of waist and hip circumferences with cardiovascular risk factors. In order to apply this method in our data we have regressed, alternatively, waist circumference and hip circumference, separately for men and women, on height and BMI, and we have calculated for each participant waist circumference and hip circumference the corresponding residuals from the respective regression lines (waist residual and hip residual).
Independent variables in final regression models were height, BMI, waist circumference residual and hip circumference residual with their associations with HDL-cholesterol and non-HDL-cholesterol expressed per one standard deviation increment to facilitate comparability and interpretability. Also included in the models were age (categorically: less than 45, 45-54, 55-64, 65 or more years) and years of education as an indicator of socioeconomic status (categorically: 0-5 years, 6 years, 7-12 years, more than 12 years).
Results
In Table 1 the distribution of study participants by gender and age at enrollment is shown. There are by design more women than men in the cohort. Very few participants were younger than 35 years and, when age was controlled for in the analyses, these were included in the less than 45 years age group. Table 2 shows mean values and standard deviations of the principal study variables, among men and women. The data in this middle-aged general population sample reveal the expected patterns, in that men, in comparison to women, are taller, somewhat less heavy, have larger waist circumference and smaller hip circumference. Total cholesterol is slightly higher in women mostly because women have high levels of HDL-cholesterol.
The correlation matrices between the anthropometric variables, before and after transformation, among men and women, are depicted in Table 3 . It is evident that the transformation minimizes correlation coefficients among the study variables. Table 4 shows multiple regression derived, adjusted for age and educational level, as well as mutually among the indicated variables, standardized partial regression coefficients of non-HDL-cholesterol and HDL-cholesterol on height and BMI (Model 1), or on height, BMI, hip circumference residual and waist circumference residual (Model 2). Distinct models are used for men and women. Standardized partial regression coefficients indicate how much the dependent variable (HDL or non-HDL-cholesterol) changes when each of the independent (predictor) variables increases by one standard deviation while the other independent variables are kept constant. When hip and waist circumferences are not included in the models (Model 1), BMI is significantly positively associated with non-HDL cholesterol among both men and women. The respective standardized regression coefficients are mutually compatible (nonsignificant interaction with gender, P-value ¼ 0.79). Interestingly, however, there are significant inverse associations, in both genders, of height with non-HDL-cholesterol and the respective standardized regression coefficients are, in absolute terms, half as large as the corresponding standardized regression coefficients for BMI. When hip and waist circumference are included in the models in addition to height and BMI (Model 2) the absolute values of the standardized regression coefficients for height considerably increase becoming similar to those for BMI. Waist circumference, after adjustment for height and BMI through the residuals method, as well as for hip circumference, is significantly positively associated with non-HDL-cholesterol and the respective standardized regression coefficient is considerably higher among women than among men (statistically significant interaction with gender, P-value o0.001). More importantly, whereas hip circumference is positively associated with non-HDL-cholesterol among men (P-value ¼ 0.098), it is significantly inversely associated among women (statistically significant interaction with gender, P-value ¼ 0.002). With respect to HDL-cholesterol, when height and BMI, but not waist and hip circumference, are included in the models, significant inverse associations are evident, with standardized regression coefficients being, in absolute terms, four times as large for BMI as for height (Model 1). When hip and waist circumference are included in the models in addition to height and BMI (Model 2) the standardized regression coefficients for height and BMI change very little among both men and women. Waist circumference is inversely associated with HDL-cholesterol in both genders, but the association is stronger among women (statistically significant interaction with gender, P-value ¼ 0.002). In contrast, hip circumference is positively associated with HDL-cholesterol in both genders, although the association is statistically significant only among women and there is suggestive evidence of gender interaction (P-value ¼ 0.09).
Owing to the relatively large age spectrum of the study participants, we have explored whether there might be interactions of age with the anthropometric variables under consideration with respect to HDL and non-HDL-cholesterol. The interaction terms were evaluated for age groups less than 50 years, 50-64 years and 65 or more years, putting more emphasis on biological cutoff points rather than statistical efficiency. Many interaction terms were evaluated so that statistical significance should be interpreted with caution. Among women, there is a significant interaction of age by height with respect to non-HDL-cholesterol (P-value B 0.001) in that the regression coefficient is strongly negative among women less than 50 years old (À3.46) and 50-64 years old (À3.37), but only weakly negative among women older than 65 years old (À0.99). Nominally significant interactions of age with height with respect to non-HDL cholesterol among men (P-value B0.023) and of age with BMI with respect to non-HDL cholesterol (P-value o0.001) as well as HDL-cholesterol (P-value B0.015) among women are not consistent. Thus, the age-specific regression coefficients of the anthropometric variables with the blood cholesterol fractions do not show monotonic trends with age, that is the regression coefficients first decrease and then increase, or vice versa, with increasing age.
Discussion
In a study of over 10 000 adult men and women, who have never smoked and have never been treated for dyslipidemia, we have confirmed that BMI is positively associated with non-HDL-cholesterol and inversely associated with HDLcholesterol in both genders. We have also observed, however, that height is inversely associated with non-HDL-cholesterol and, to a lesser extent, HDL-cholesterol in both genders. Thus, not only heavier individuals, but also shorter individuals, tend to have less favourable levels of cholesterol fractions. Large waist circumference is detrimental for both men and women, but more so for women than for men. Lastly, hip circumference is essentially neutral for men because it increases both HDL and non-HDL-cholesterol to a proportionally similar degree, but it is highly protective for women because it considerably increases HDL-cholesterol and reduces non-HDL-cholesterol. Differential modulation of free fatty acid levels or adipokines by adipose tissue distribution patterns is a reasonable and testable hypothesis (Frayn, 2002; Ravussin and Smith, 2002; Snijder et al., 2004a) .
The positive association of excess body fat, specifically abdominal fat, with dyslipidemia (defined as high LDLcholesterol, low HDL-cholesterol as well as high VLDL cholesterol and triglycerides) has been firmly established by numerous epidemiologic studies conducted in various geographical regions, both genders and variable ethnic groups (Denke et al., 1993 (Denke et al., , 1994 Despres, 1994; Brown et al., 2000; Hu et al., 2000a, b; Thomas et al., 2004) . The association has been further supported by a plausible pathophysiologic mechanism of action which mainly incriminates the high amounts of free fatty acids levels, observed in obesity (Sheehan and Jensen, 2000; Aronne and Segal, 2002; Pi-Sunyer, 2002) .
The inverse association of height with non-HDL-cholesterol has also been reported by other investigators (Henriksson et al., 2001; La Batide-Alanore et al., 2003) and is likely to be real. The clinical consequence of this association is probably small but the phenomenon is intriguing. In contrast to BMI and body fat distribution which change through life and have a plausible latency in their connection with adult life blood lipids, height is determined during the first 20 years of life and a link with blood lipids four decades later requires the invocation of a novel physiologic mechanism. In a possibly relevant analogy, it has been reported that postnatal cholesterol intake affects blood cholesterol homeostasis in later life. Specifically, a relatively high cholesterol intake during the immediate postnatal period has been associated with more effective catabolism of the compound in adult life and lower blood cholesterol levels (Marmot et al., 1980; Innis, 1985; Kolacek et al., 1993; Cruz et al., 1994; Bergstrom et al., 1995) . Thus, we can speculate that growth in childhood, adolescence and early adulthood may somehow affect the setting of parameters of cholesterol metabolism throughout life, for example, by means of longitudinal 'tracking' of high or low levels of growth hormone that is inversely associated with blood cholesterol (Abdu et al., 2001; Cianfarani et al., 2002; Takada et al., 2003) . The fact that the inverse association of height with non-HDLcholesterol weakens with age (more evidently in women) may be explained by the gradual decline of height with progressing age in many subjects (Rossman, 1977; Svanborg and Mellstrom 1991) and the concomitantly increasing nondifferential misclassification.
Non-HDL-cholesterol (the sum of low density plus verylow-density lipoprotein) has been recognised as an acceptable surrogate marker of apolipoprotein B, the major apolipoprotein of all atherogenic lipoproteins (National Cholesterol Education Panel III, 2002) . Consistent with this relation, studies have shown that non-HDL-cholesterol is at least as good or even better predictor of cardiovascular disease risk in comparison to LDL-cholesterol and apolipoproteins A-1 and B. (Cui et al., 2001; Shai et al., 2004; Ridker et al., 2005) . In the absence of data on triglyceride levels, non-HDL-cholesterol is a good indicator of atherogenic lipoproteins in people with high triglycerides (200-499 mg/ dl) while simultaneously correlates well with LDL-cholesterol in persons with normal triglycerides (National Cholesterol Education Panel III, 2002) . Furthermore, non-HDL-cholesterol does not require a fasting state and has been proposed as a screening tool for cardiovascular risk (Farwell et al., 2005) .
Strengths of this investigation are the large sample size, restriction of the study to never smokers and individuals who have never been treated for dyslipidemia and use of an analysis strategy that generates internally comparable and directly interpretable results. Limitations are that blood lipids other than total and HDL-cholesterol have not been determined, and possible weak confounding by factors such as physical activity and energy intake (over and beyond their balance reflected in BMI) have not been addressed.
In conclusion, in a large, general population-based, study we have found evidence that height is inversely associated with HDL and non-HDL-cholesterol implicating early life phenomena in the regulation of important cardiovascular risk factors. Furthermore, our results indicate that larger hip circumference among women, conditionally on height, BMI and waist circumference has beneficial effects on blood cholesterol fractions by increasing HDL-cholesterol and reducing non-HDL-cholesterol in the blood. Among men the relevant effects are less clear cut (hip circumference is positively associated with both HDL and non-HDL-cholesterol). Finally, our findings document that the detrimental consequences of large waist circumference on both HDL (reduction) and non-HDL-cholesterol (increase) are particularly marked among women.
